ABSTRACT Global RNA expression in breast muscle obtained from a male broiler line phenotyped for high or low feed efficiency (FE) was investigated using microarray analysis. Microarray procedures and validation were reported previously. By using an overlay function of a software program (Ingenuity Pathway Analysis, IPA) in which canonical pathways are projected onto a set of genes, a subset of 27 differentially expressed focus genes were identified. Focus genes that were upregulated in the high FE phenotype were associated with important signal transduction pathways (Jnk, Gcoupled, and retinoic acid) or in sensing cell energy status and stimulating energy production that would likely enhance growth and development of muscle tissue. In contrast, focus genes that were upregulated in the low FE muscle phenotype were associated with cytoskeletal architecture (e.g., actin-myosin filaments), fatty acid oxidation, growth factors, or ones that would likely be induced in response to oxidative stress. The results of this study provide additional information on gene expression and the cellular basis of feed efficiency in broilers.
INTRODUCTION
Production efficiency in animal agriculture continues to be of vital importance to meet the protein nutrition needs of an ever increasing global population. The amount of high-quality animal protein needed to feed the world will double by 2050, as the world human population increases from 7 billion in 2011 to 8 billion in 2030 and 9 billion in 2050 (Steinfeld et al., 2006) . Thus, marker-assisted selection for production traits such as feed efficiency (FE) must play an increasingly important role in developing more efficient, and therefore sustainable, animal production systems (Niemann et al., 2011) .
Using a chicken 44K microarray, genes in breast muscle that exhibited the greatest upregulation in a high FE broiler phenotype were generally associated with anabolic processes, whereas the low FE broiler phenotype exhibited the greatest upregulation (that is, downregulation in the high FE phenotype) in genes associated either with muscle fiber development, muscle function, cytoskeletal organization, self-recognition, or stress responding genes (Kong et al., 2011) . Although downregulation of muscle or cell architecture-associated genes seems counterintuitive, a decrease in cellular energy expenditure required to maintain cytoskeletal architecture or muscle activity could enhance overall cellular efficiency. Interestingly, Zheng et al. (2009) identified several muscle-related genes that were downregulated in the broiler compared with layer breast muscle tissue that were also downregulated in the high compared with the low FE broiler phenotype (Kong et al., 2011) . Thus, downregulation of muscle or cell architecture genes does not impair weight gain. Although genes exhibiting the greatest differential expression would certainly have an important role in the phenotypic expression of FE, but with FE being such a complex trait, there are likely large numbers of genes that would need only a slight change in expression to exert profound effects on cellular function and metabolism. Thus, the major objective of this study was to identify genes in the high and low FE phenotypes that could play a central role in FE based on frequency of appearance in key biochemical (canonical) pathways.
MATERIALS AND METHODS

Birds and Microarray Analysis
Detailed procedures used for birds, tissue, isolation of RNA and microarray hybridization, microarray data collection, and analysis were reported previously (Kong et al., 2011) . The RNA samples were isolated from breast muscle (pectoralis superficialis) of a single line of male broilers individually phenotyped for FE that had been flash frozen in liquid nitrogen and stored at −80°C previously ).
Probe Labeling and Microarray Hybridization
The RNA samples from high and low FE phenotype tissue (n = 6 per phenotype) exhibiting the highest quality (that is, showing 3 strong and distinct bands representing 28S, 18S, and 5S ribosomal subunits) were pooled. Fluorescently labeled cRNA were generated using a Two Color Microarray Quick Labeling kit (Agilent Technologies, Palo Alto, CA) in which 2 μg of total RNA was converted to cDNA using reverse transcriptase and oligo dT primers in which T7 promoter sequences were added. T7 RNA polymerase-driven cRNA synthesis was used for the preparation and labeling of RNA with either Cy3 dye for low FE or Cy5 dye for high FE. The fluorescently labeled cRNA were purified using Qiagen RNeasy Mini Kit (Qiagen Inc., Valencia, CA) and an equal amount (825 ng) of Cy3-and Cy5-labeled cRNA were hybridized on a 4 × 44 K Agilent chicken oligo microarray (array ID: 015068; 4 replicates per gene are therefore present on each array). To control dye bias effect, RNA spike-in control mixtures were used by mixing with RNA samples according to manufacturer's recommendations and in the recommended quantity. The RNA spike-in mixtures represent 2 sets of 10 synthesized RNA mixtures derived from the Adenovirus E1A transcriptome with different concentrations in each set (Zahurak et al., 2007) . Agilent chicken 4 × 44 K oligo gene expression array contains 320 spike-in indicating spots to be hybridized with spike-in controls of both in the A mix, which was hybridized with Cy3, as well as in the B mix, which was hybridized with Cy5, on each array. These spike-in sets were mixed with the low or high FE samples and co-hybridized to arrays. The hybridized slides were washed using a commercial kit package (Agilent Technologies) and then scanned using Genepix a 4000B scanner (Molecular Devices Corporation, Sunnyvale, CA) with the tolerance of saturation setting of 0.005%.
Microarray Data Collection and Analysis
Global normalization based on locally weighted linear regression (LOWESS) was applied to the backgroundcorrected red and green intensities. Genes (array spots) of the 44K array that showed significant signal intensities were sorted by absolute real (foreground) fluorescent signal >100 and signal-to-noise ratio (SNR) >3, meaning that real signals of the samples were 3 times greater than background signals. Differentially expressed genes were identified using a moderated tstatistic and its corresponding P-value based on empirical Bayes methods (Smyth, 2004) . The resulting P-values were adjusted for multiple testing by false discovery rate (Benjamini and Hochberg, 1995) . All analysis techniques were implemented in R program (http:// www.R-project.org). The genes with an adjusted P-value below 0.05 were considered statistically different and identified as differentially expressed genes. Results were deposited into the Gene Expression Omnibus (GEO; accession number: GSE24963; http://www.ncbi.nlm. nih.gov/geo). Microarray gene expression was validated previously by comparison with values obtained by quantitative reverse-transcription PCR for 33 different genes (Kong et al., 2011 ).
Identification of Focus Genes
As birds in this study were healthy, maintained in a thermoneutral environment, and fed the same diet, the intent of this study was to develop greater understanding of differential gene expression in broilers exhibiting high and low FE phenotypes that would be associated with normal cell function. A flowchart that outlines the steps taken to identify the set of 29 focus genes using the Ingenuity Pathway Analysis (IPA) software program (http://www.ingenuity.com/) from 4,011 differentially expressed genes in the original data set (Kong et al., 2011 ) is presented in Figure 1 and discussed in detail below.
Statistics
Comparisons of frequency of occurrence of genes in canonical pathways for the high and low FE phenotypes were made using student's t-test and considered different at P < 0.05.
RESULTS AND DISCUSSION
Overview
Feed efficiencies (grams of gain/grams of feed) for the high and low FE phenotypes were 0.65 ± 0.01 (n = 6) and 0.46 ± 0.01 (n = 6), respectively (Kong et al., 2011) . As in earlier studies, broilers in the high FE phenotype group gained more weight while consuming the same amount (Bottje et al., 2002; Bottje and Carstens, 2009) .
There are at least 3 aspects of the design of the present study and a companion paper (Kong et al., 2011) that need to be made clear at the onset. First, it should be pointed out that when differential expression of a gene is discussed in one group, it is in the context of its relative expression to the other group. For example, if a gene is upregulated in the low FE group, the same gene is downregulated in the high FE group and vice versa. This also means that the phenotypic expression of a given high or low FE phenotype is the product of differentially expressed genes that are opposite to the other group and that there are many other genes, most in fact, that are not differentially expressed between groups.
Second, although FE phenotyping was carried out from 6 and 7 wk, breast muscle samples for the high and low FE groups were obtained between 8 to 10 wk as part of a previous study focused on proton leak kinetics . Although some changes in gene expression may have occurred over the 2-wk sampling interval, this is the same paradigm that has been used in a series of studies investigating relationships of mitochondrial function and feed efficiency (Bottje et al., 2002; Bottje and Carstens, 2009 ). The time frame for sampling was necessary as only one or 2 mitochondrial isolation and functional assessments could be made in a single day. Because sampling from each group was alternated, both groups would have been equally distributed over time. Also, differences in mitochondrial function, biochemistry, gene, and protein expression between the high and low FE groups were not affected by age (that is, sampling time) in all of these studies (unpublished observations).
The third aspect of the study that also warrants discussion is that differences between FE groups are based on pooled samples of RNA from 6 birds per group and not individual samples. Validation of the microarray results was obtained by comparing values of pooled RNA samples (used with the microarray) with individual sample quantitative reverse-transcription PCR analysis in which 15 of 20 genes had similar values as reported previously (Kong et al., 2011) . Thus, the pooling of samples did not appear to have an appreciable effect on the results.
A challenge of microarray studies is the cost and time consuming nature of appropriately powered experimental designs (Yang and Speed, 2002; Kendziorski et al., 2003 Kendziorski et al., , 2005 . In a comparison of pooled versus individual sample microarray analysis, Jolly et al. (2005) concluded that "while the two approaches to running microarray chips were comparable…the individual analysis revealed subtle changes that affect interpretation of the experiment that were lost in the pooled analysis and important for mechanistic understanding." However, Kendziorski et al. (2005) indicated that pooling samples for microarray analysis also minimizes subject-to-subject variation that "is often desirable when primary interest is not on the individual but rather on characteristics of the population from which certain individuals are obtained (e.g. identifying biomarkers or expression patterns common across individuals)." Similarly, in the context of the present paper, we are more interested in looking for gene expression patterns across individuals in the high and low FE phenotypes according to Kendziorski et al. (2005) at the potential expense of losing some mechanistic understanding as indicated by Jolly et al. (2005) . In this regard, Kong et al. (2011) reported that, based on genes exhibiting the greatest differential expression, the high FE phenotype appeared to be the product of upregulation of genes associated mainly with anabolic processes, whereas the low FE broiler breast muscle phenotype exhibited upregulation of genes associated with muscle fiber development, muscle function, cytoskeletal organization, and stress response. As will be discussed, qualitatively similar results were obtained in the present study. The difference in gene expression of upregulated genes in the high FE phenotype ranged from 1.9-to 3.3-fold and 2.4-to 6.3-fold in the low FE phenotype (or downregulated in the high FE phenotype; Kong et al., 2011) . Differentially expressed focus genes in the present study were identified based on their frequency of appearance in canonical (established) pathways and exhibited a 1.3-to 1.6-fold range of differential expression between phenotypes.
Identification of Focus Genes
Figure 1 outlines steps taken to identify focus genes in this study. Of 4,011 differentially expressed genes, 782 were different by 30% (1.3-fold) or more between FE phenotypes and this subset was used as a starting point in the present study. The IPA program places genes into canonical pathways, gene networks, and groups of genes associated with specific activities or functions to help facilitate understanding of the functional significance of the data set. The top 5 activities categorized under a) molecular and cellular functions, b) physiological system development and function, and c) diseases and disorders are listed in Table 1 . To focus attention on normal cell function, we selected those genes placed in the top 5 functions listed under the categories of molecular and cellular functions and physiological system development and function. This subset of 263 genes contained 46 upregulated and 98 downregulated genes in the high FE phenotype muscle (Supplemental Table  1 ; available online at http://ps.fass.org). We selected 130 out of 260 possible canonical pathways in the IPA program that would likely be associated with normal metabolic activities and did not select those that were obviously tissue or disease specific. Using the subset of 144 genes in Supplemental Table 1 , and the overlay function in IPA, the number of times the 130 canonical pathways projected onto a gene (focus gene) was scored, resulting in 27 focus genes, listed in Table 2 . Only genes associated with at least 6 of 130 canonical pathways (that is, 5% of the pathways) were included in the focus set of genes. A stylized cell showing upregulated focus genes in the high FE phenotype in red (dark gray) and those upregulated in the low FE phenotype in green (light gray) is provided in Figure 2 .
Focus Genes
What is immediately apparent is that all upregulated focus genes in the high FE phenotype are associated with a) important signal transduction, cascade mechanisms, or b) in sensing of cell energy status and regulating energy production in the cell (Table 2; Figure 2 ). In contrast, only 4 upregulated focus genes in the low FE phenotype were directly linked to cell signaling-cascade mechanisms: 3 G-coupled receptor protein (Gpcr) genes and serum/glucocorticoid regulated Ser/Thr Protein Kinase (SGK1). Similar to previous results (Kong et al., 2011) , 5 of the 15 downregulated focus genes in the high FE phenotype were associated with actin-myosin filaments or cytoskeletal architecture. The upregulated focus genes in the high FE phenotype appeared in more of the selected canonical pathways (23 ± 4 vs. 9 ± 1, P < 0.001) than downregulated focus genes, but there was no difference in the differential expression between the up-and downregulated focus genes (1.36 ± 0.03 vs. 1.44 ± 0.03, P > 0.1; Table 2 ).
It is important to mention that this study investigated gene expression in broiler males from the same genetic line fed the same diet and did not investigate a response to a disease insult or differences between genetic lines (for example, Zhou and Lamont, 2007; Chiang et al., 2008) . Thus, a high or low FE phenotype would be the result of a) small differences in gene expression in many genes in combination with large differences in a few select genes and b) exhibit differential expression of genes opposite to that observed in the other FE phenotype. The most consistent finding we have observed in a series of functional and biochemical studies conducted on this male broiler line was increased protein oxidation (oxidative stress) in the low FE phenotype that likely resulted from mitochondrial reactive oxygen species (ROS) production (Bottje et al., 2002; Bottje and Carstens, 2009 ). The ROS are also well known to act as second messengers and influence expression of numerous genes (for example, Yu, 1994) . Thus, differential gene expression in the low FE broiler phenotype in this study could result from inherent differences that Table 1 . Ingenuity Pathway Analysis summary analysis of the top 5 biological functions categorized by a) molecular and cellular functions, b) physiological system development and function, and c) diseases and disorders of the feed efficiency microarray data set using a 1. were modulated by ROS-mediated mechanisms. Finally, a thorough discussion of each focus gene is beyond the scope of this paper and important mechanisms and literature citations may be missed in the brief descriptions provided below.
Focus Genes Upregulated in High FE Phenotype
Nine of the upregulated focus genes in the high FE broiler phenotype (Table 2; Figure 2 ) were associated with protein kinase A (PKA) cascade mechanisms and the Jnk [c-Jun NH(2)-terminal kinase] pathway. Following phosphorylation of downstream targets, increased transcription and translation would be expected to enhance growth, proliferation, and differentiation in cells. The simplified pathways in Figure 2 were compiled from material obtained from the canonical pathways of IPA in conjunction with Alberts et al. (2002) and an internet source (e.g., http://www.cellsignal. com). Evidence of phosphoinositide 3-kinase (PI3K) involvement in promoting cell growth has been known for some time (for example, Leevers et al., 1996) . It should be mentioned that it might not be beneficial to the high FE phenotype if focus genes exhibited greater upregulation, as this could shift from growth and development stimulation to a cascade of cellular events that would be detrimental to energetic efficiency. Marone et al. (2008) indicated that extracellular-initiated PKA cascade mechanisms are mediated through binding and interaction of various chemokines with Gpcr or through the Jnk pathway in which growth factors bind to receptors (receptor tyrosine kinases, RTK; Figure 2 ). Receptor binding initiates the PKA cascade by phosphorylation reactions of PI3K along with regulatory subunits (p85 and pIK3R1) that were upregulated in the high FE phenotype. The Gpcr comprise the largest group of transmembrane signal transduction receptors and regulate a myriad of cell functions (Pitcher et al., 1998; Fredriksson and Schioth, 2005) with over 100 Gpcr being detected in the intestinal tract alone (Ito et al., 2009) . Only one Gpcr (GPR155) was upregulated and 3 other Gpcr were downregulated in the high FE phenotype ( Table 2) .
Phosphorylation of Ras, PKA, and MAP2K4 leads to activation of Jnk. The translocation of Jnk into the nucleus, followed by increased c-fos and c-Jun-mediated transcription and translation, would enhance cell growth, proliferation, and differentiation (Figure 2 ). Additional Jnk activation occurs via the retinoic acid 1 All genes were differentially expressed (P < 0.05) at the fold differences (diff.) that are presented.
*C3AR1 (1q12), RGR (6q11), P2RY12 (9q13). **PDGFB (1q11), PDGFD (1q34). ***SOD2 (3q21), SOD3 (4q24).
receptor and retinoid X receptor (RAR-RXR) pathway. All trans-retinoic acid (RA) induces numerous activities by regulating gene expression during embryonic development (Hoffman and Eichele, 1994; Maden, 1994; Noy, 2000) . Retinoic acid binding protein (RBP7), that facilitates retinol membrane translocation, was upregulated (1.67-fold) in the high FE phenotype ( Figure  2 ; Supplemental Table 1 , available online at http:// ps.fass.org). Retinal conversion to retinoic acid is catalyzed by aldehyde dehydrogenase 1 family member A3 (ALDH1A3) which was also upregulated in the high FE phenotype (Table 2 ; Figure 2 ). Thus, RBP7 and ALDH1A3 upregulation may enhance growth and proliferation of muscle cells, possibly early in embryonic development, and contribute to the phenotypic expression of high FE through stimulation of Jnk-mediated transcription and translation processes. Protein phosphatase 2A (PP2A) regulates kinase phosphorylation in the PKA cascade (Janssens and Goris, 2001; Janssens et al., 2005; Eichhorn et al., 2009 ). Indeed, reversible phosphorylation reactions were the first to have been demonstrated to regulate activity of specific enzymes and proteins (Nolan et al., 1964) . Increased PP2A in the high FE phenotype could repre- (Table 2) in breast muscle in high and low feed efficiency (FE) phenotypes presented in a stylized cell. Upregulated genes in the high and low FE phenotypes are shown in red and green (dark gray and light gray), respectively. Additional genes that were differentially expressed and listed in Supplemental Table 1 (available online at http://ps.fass.org) that were not focus genes are shown outlined in red (dark gray; upregulated in the high FE phenotype) or green (light gray; upregulated in the low FE phenotype). Genes that were not differentially expressed are presented in white with a black outline and included carnitine palmitoyl transferase (CPT1), RA, retinal, retinol, cfos, cJun, Stat3, leptin, glucose, and corticoid receptors. With increased expression of the focus genes, the high FE phenotype could be hypothesized to exhibit increased PKA, Jnk, and RAR-RXR (retinoic acid receptor and retinoid X receptor) signal transduction pathways that could enhance cellular growth, proliferation, and differentiation. Formation of phosphatidylinositol 1,4,5-bisphosphate (PIP 3 ) from phosphatidylinositol4,5-bisphosphate (PIP 2 ) would further amplify the PKA cascade by activation of PKA. Increased expression of retinal binding protein 7 (RBP7) in the high FE phenotype could facilitate transport of retinal into the cells and, in concert with ALDHIA3, enhance the RAR-RXR pathway. Increased expression of AMPK and PRAKγ2 in the high FE phenotype would enhance energy production in the cell a) by enhancing mitochondrial electron transport chain (ETC) including complex I (CI, see Table 3 ) to increase ATP synthesis, b) by decreasing fatty acid synthesis and enhancing fatty acid oxidation, and c) by increasing glycogenolysis and decreasing gluconeogenesis. In the low FE phenotype, 4 isoforms of platelet-derived growth factors (Pdgf, PDGFβ, PDGFBB, and PDGFD) were upregulated that would bind with receptor tyrosine kinase (RTK) on the cell membrane. The activation of the JNK pathway could be attenuated by downregulation of several components associated with the PKA cascade. Three upregulated G-coupled receptor proteins (Gpcr) in the low FE phenotype included P2RY13, RGR, and CSAR1. Regulator of G-coupled signaling (RGS1) was also upregulated in the low FE phenotype. The low FE phenotype exhibited upregulation of several genes (myosin, Factin, actin, MLC, ACTA2) associated with actin and myosin fiber formation that would enhance actin-myosin assembly and contraction and actin polymerization. Increased mitochondrial superoxide (O 2 − ) in the low FE phenotype (see Bottje and Carstens, 2009 ) could upregulate expression of HSP90α as well cytosolic and mitochondrial superoxide dismutase (SOD) that would reduce superoxide to hydrogen peroxide (H 2 O 2 ). In the low FE phenotype, serum/glucocorticoid regulated ser/thr protein kinase (SGK1) was upregulated which might increase the response to extracellular stress signals. Corticotropin release hormone (CRH) can regulate AMPK and PRAKγ2 activity and could be another indicator of cellular stress in the low FE phenotype. Suppressor of cytokine signaling-3 (SOCS-3) might attenuate the response of cells to leptin but might also enhance cellular response to cytokines by phosphorylation of the cytokine receptors. Upregulation of mitochondrial long-chain enoyl CoA hydratase (HADHA) could enhance oxidation of long-chain fatty acid. Color version available in the online PDF. sent a particularly critical gene, functioning to either balance or regulate signal transduction and kinase cascade reactions to optimize growth and development with energy production and utilization within cells.
Adenosine monophosphate (AMP)-activated protein kinase (AMPK) plays a central role in monitoring cell energy status and adjusts ATP production to meet cellular needs. Both AMPK and AMP-activated protein kinase gamma 2 (PRKAγ2) were upregulated in the high FE phenotype ( Table 2 ). The AMPK is stimulated by increased AMP to ATP ratio and enhances energy production by stimulating mitochondrial biogenesis (Zhou et al., 2001; Hardie et al., 2003; Hardie, 2007; Carling, 2004) . With the tremendous growth rate in broilers, a tonic upregulation of AMPK in the high FE phenotype may coordinate efficient energy production. In the hypothalamus, AMPK regulates food intake and overall energy balance in the animal (Minokoshi et al., 2004) . Once AMPK is phosphorylated by serine-threonine kinase 11 (Hardie, 2005) , AMPK phosphorylates proteins involved in carbohydrate, lipid, and protein metabolism (Kemp et al., 2003; Hardie, 2005 Hardie, , 2007 . In general, AMPK increases the ATP pool by reducing ATP-utilizing pathways (for example, fatty acid synthesis) and increasing ATP-generating pathways (for example, fatty acid oxidation, glycolysis). The AMPK is required for stimulating glucose uptake and glycolysis in skeletal muscle cells and astrocytes (Zhou et al., 2001; Almeida et al., 2004) . In tumor cells, AMPK inhibition prevented glycolysis when mitochondrial oxidative phosphorylation was uncoupled (Wu et al., 2007) . Thus, the combined activities of AMPK and PP2A could be very crucial in coupling energy needs for growth and signal transduction pathways and maximizing cell energy efficiency.
The first and largest multiprotein complex (Complex I) of the electron transport chain is NADH ubiquinone: oxido-reductase (NADH dehydrogenase; Lehninger et al., 1993) . The NADH-linked energy substrates, such as pyruvate and malate, provide reducing equivalents through Complex I for mitochondrial ATP production. Seven genes associated with Complex I were upregulated in the high FE phenotype (Table 3) . This is consistent with findings of higher Complex I activities in the high FE phenotypes (Bottje et al., 2002; Bottje and Carstens, 2009; Sharifabadi et al., 2012) . Increased gene expression and Complex I activity could be hypothesized to be due in part to increased AMPK expression in the high FE phenotype.
Focus Genes Upregulated in Low FE Phenotype
Upregulated focus genes in the low FE phenotype (downregulated in high FE) are listed in Table 2 and are also depicted in Figure 2 . Upregulated growth factors in low FE included plate-derived growth factor (PDGF) and PDGFB (Table 2 ) and PDGFD and PDGFBB (Supplemental Table 1 ). These growth factors would enhance JNK pathway activity after combining with RTK cell surface receptors (Figure 2) .
Three upregulated focus genes in the low FE phenotype were complement component 3a receptor 1 (CSAR1), retinal G-protein coupled receptor (RGR), and purinergic receptor P2Y (G-protein 13; P2RY13; Table 2 ). With the tremendous number of different Gpcr (Pitcher et al., 1998; Fredriksson and Schioth, 2005; Ito et al., 2009) , it is unclear how these specific Gpcr would contribute to low FE, especially because the PKA cascade downstream to the Gpcr were downregulated in the low FE phenotype. The P2Y1 purinergic receptor responds to extracellular purines and pyrimidines and is expressed in many tissues in the body. The C3AR1 receptor activity has been well characterized in leukocytes, but it is not clear what roles these receptors have in nonhemopoeitic cells. Activation of C3AR1 in endothelial cells increased actin stress fiber formation (Schraufstatter et al., 2002) , and therefore, might increase actin-myosin fiber formation in the low FE phenotype (see below).
Regulator of G-protein signaling 1 (RGS1) was also upregulated (2.28-fold) in the low FE phenotype (Supplemental Table 1 , available online at http://ps.fass. org; Figure 2) . The RGS are a large gene family that regulate G-coupled signaling and are present in most organisms (Roush, 1996) . As a GTPase-activating protein, RGS accelerates Gpcr signaling whereas binding to the Gα subunit attenuates or blocks G-coupled signaling (Doupnik et al., 1997; Hepler et al., 1997; Hepler, 1999; Chen et al., 2001; Hoffmann et al., 2001 ). The RGS1 also regulates signal transduction for angiotensin II in the cardiovascular system (Mehta and Griendling, Table 3 . Genes associated with Complex I (NADH ubiquinone: oxido-reductase) of the mitochondrial electron transport chain that exhibited upregulation in breast muscle in the high feed efficiency phenotype in this study 2007). Thus, RGS1 upregulation may attenuate G-coupled protein signaling in the low FE phenotype mediated by CSAR1, P2RY13, or RGR receptors, whereas decreased regulation of G-protein signaling activity may occur with GPR155 activation in the high FE phenotype. Serum and glucocorticoid-inducible kinase 1 (SGK1) is part of another gene family that are transcriptionally activated by serum and glucocorticoids (Webster et al., 1993a,b) . The SGK1 regulates many cell functions including ion channel conductance, neural excitability salt homeostasis, cell proliferation, cell survival, and cell cycle progression (Brunet et al., 2001; Leong et al., 2003; Lang et al., 2006) . The SGK1 expression increases in response to dexamethasone, UV light, and hydrogen peroxide-induced oxidative stress in mammary epithelial cells (Leong et al., 2003) . Both SGK1 and AKT (protein kinase B) are similar in structure and function and belong in a large family of AGC protein kinases (cAMP dependent, cGMP dependent, and PKC) that regulate signal transduction via receptor tyrosine kinases (Sakoda et al., 2003; Biondi, 2004; Dong and Liu, 2005) . The AKT was not differentially expressed between high and low FE phenotypes (data not shown). In mammals, SGK1 phosphorylates and increases glucose transporter 4 (GLUT4) in membranes, and therefore, may contribute to regulation of cellular glucose uptake by insulin (Sankarganesh et al., 2007) . Sakoda et al. (2003) hypothesized that SGK1 enhances glucose transport and inhibits apoptosis and cell proliferation by inhibiting AKT activity. With the information presented above, SGK1 expression in the low FE muscle phenotype (Table 2; Figure 2 ) could also be due to increased mitochondrial ROS (Bottje et al., 2002; Bottje and Carstens, 2009 ) that would be beneficial in enhancing glucose transport and apoptosis-induced cell turnover but would negatively affect cell proliferation.
Another stress-related gene that was upregulated (1.34-fold) in the low FE phenotype was corticotropin releasing hormone (CRH; Supplemental Table 1B , available online at http://ps.fass.org). The CRH, or corticotrophin releasing factor, was initially discovered in hypothalamus-hypophyseal portal system and later shown to be a neurotransmitter throughout the central nervous system (De Souza et al., 1985) . Receptors for CRH (G-coupled receptors) are found in heart, skeletal muscle, and skin (Kishimoto et al., 1995; Slominski et al., 2001 ) and CRH expression has been reported in several tissues including skin, uterus, immune system, and gastrointestinal tract (see Slominski et al., 2001) . Solinas et al. (2006) reported direct CRH-mediated thermogenesis in muscle and suggested this occurred by substrate cycling between lipogenesis and lipid oxidation. Thus, increased CRH expression could play a role in energetic inefficiency in the low FE phenotype. However, because AMPK and PI3K are key genes in this substrate cycling mechanism proposed by Solinas et al. (2006) and were downregulated in the low FE phenotype, the potential energy inefficiencies from increased CRH expression might be attenuated. Additional research is needed to determine what role constitutive tissue expression of CRH might play in the phenotypic expression of FE.
Five focus genes that were upregulated in the low FE broiler muscle phenotype were myosin, myosin light chain 12A, regulatory (MYL12A), filamentous actin (Factin), smooth muscle α actin 2 (ACTA2), and Gactin (Table 2 ; Figure 2 ). These results concur with a previous report (Kong et al., 2011) . The gene that exhibited the greatest differential expression (6.3-fold in the low FE phenotype) was cysteine and glycine rich protein 3 (CSRP3; Kong et al., 2011) . The CSRP3, also known as muscle LIM protein (MLP), is an essential nuclear regulator of myogenic differentiation, organization, and maintenance of contractile machinery in skeletal and heart muscle (Arber et al., 1994 (Arber et al., , 1997 Kong et al., 1997; Louis et al., 1997) . The ability of MLP (CSRP3) to regulate myogenesis is particularly interesting because it is in both the cytosol and nucleus (Flick and Konieczny, 2000) . The MLP-deficient mice exhibited a disorganized cytoskeletal architecture suggesting that MLP is a scaffolding protein (Arber et al., 1997) . The MLP insufficiency led to a local loss of mitochondria and function possibly by disrupting mitochondrial-cytoskeletal interactions that impairs energy sensing and balance (van den Bosch et al., 2005) . A 3-fold upregulation in CSRP3 in undernourished cattle was hypothesized to counteract muscle atrophy by stimulating myogenic differentiation (Lehnert et al., 2006) . Similarly, Kong et al. (2011) hypothesized that increased CSRP3 along with several cytoskeletalrelated genes (actin, troponin, and myosin) might be a response to increased protein oxidation in the low FE phenotype Bottje and Carstens, 2009; Tinsley et al., 2010) . This also implies that energy directed toward cytoskeletal organization may contribute to lower FE, or conversely, that reducing energy expenditure directed toward cytoskeletal architecture/ structure and muscle activity contributes to high FE. Supporting this hypothesis are observations of downregulation of ATPase Ca ++ transporting (ATPA2; 1.87-fold, Supplemental Table 1 , available online at http://ps.fass.org) and ATPase Na + /K + transporting (ATP1B4; 1.47-fold, unpublished observations) in the high FE phenotype.
The results of the present study and Kong et al. (2011) have certain parallels with Zheng et al. (2009) , who reported that several muscle-related genes (for example, troponin 1, myosin light chain, and myosin heavy chain) were downregulated in broilers compared with layers. In addition, fibroblast growth factor 1 and fibroblast growth factor receptor 2 (FGFR2) and CSRP3, genes associated with muscle cell hypertrophy and satellite cell proliferation (Flick and Konieczny, 2000; Martin et al., 2002) , were also downregulated in broilers (Zheng et al., 2009) . Besides the actin-and myosin-related genes and PDGF that were downregulated in the high FE phenotype in the present study and Kong et al. (2011) , FGFR2 was also downregulated (1.52-fold) in the high FE phenotype (Supplemental Table 1B , available online at http://ps.fass.org). As broilers have much more rapid rate of gain and greater muscle development than Leghorns, the downregulation of these genes clearly does not adversely affect weight gain or muscle development. Thus, downregulation of muscle fiber cytoskeletal-related genes, combined with upregulation of signal transduction pathways, appear to play a significant role in the development of the high FE broiler phenotype.
Heat shock protein 90 kDa α (HSP90α) was also upregulated in the low FE phenotype ( Table 2 ). The HSP are expressed ubiquitously and induced by stressors including oxidative stress (Welch, 1992; Georgopoulos and Welch, 1993) . The HSP also act as molecular chaperones and stabilize proteins and cytoarchitecture. The HSPB7, HSP27, and HSF2 (heat shock transcription factor) were upregulated in the low FE phenotype and no HSP were upregulated in the high FE phenotype (Kong et al., 2011) . The upregulation of the HSP could also be in response to elevated mitochondrial ROS production in the low FE phenotype.
Suppressor of cytokine signaling 3 (SOCS3; Table 2 ) is part of the SOCS family encoding proteins that exert feedback inhibition of signaling pathways induced by hormones, growth factors, and cytokines (Fujimoto and Naka, 2003) . Signaling pathways modulated by SOCS3 are tissue specific and function in a) modulation of feed intake by inhibiting leptin signaling (Bjørbaek et al., 2000; Dunn et al., 2005) , b) modulation of growth hormone and cytokine pathways (Lindberg et al., 2005; Rønn et al., 2008) , and c) attenuation of insulin activity by phosphorylating insulin receptors (Emanuelli et al., 2000; Ueki et al., 2004) . In adipose, increased expression of SOCS3 in transgenic mice decreased insulin signaling without affecting systemic insulin resistance (Shi et al., 2006) . Constitutive expression of SOCS3 of transgenic mice was also insufficient in inducing diabetes but did establish a potential role of SOCS3 in muscle structure and locomotor activity (Lebrun et al., 2009) . Increased SOCS3 expression in type II muscle fibers caused dilation of the sarcoplasmic reticulum and swollen mitochondria (Lebrun et al., 2009 ) and possibly muscle tonicity (Palmieri, 2004; Momken et al., 2005) . Thus, upregulation of SOCS3 may modulate mitochondrial function or growth factors and cytokine signaling in the low FE phenotype.
Mitochondrial long-chain enoyl CoA hydratase (HADHA) is part of a mitochondrial trifunctional protein (Angdisen et al., 2005) involved in β-oxidation of medium-and long-chain fatty acids (Schulz, 1974; Fong and Shulz, 1977) . No defects in fatty acid metabolism have been associated with HADHA (Angdisen et al., 2005) . Thus, the significance of HADHA in the phenotypic expression of FE is not apparent.
Both Sod (superoxide dismutase group, which includes MnSOD) and SOD3 (Cu/Zn SOD) would convey protection against superoxide produced in both the mitochondria and cytosol (Yu, 1994) . It is well known that several antioxidants are induced in response to oxidative stress (Yu, 1994) . Thus, it is not surprising that the Sod group and SOD3 were upregulated in the low FE phenotype that clearly exhibits increased mitochondrial ROS production in muscle (Bottje et al., 2002) as well as intestines and liver (Ojano-Dirain et al., 2004; Iqbal et al., 2005) . Increased Sod and SOD3 would help facilitate antioxidant protection in the cytosol and mitochondria by reduction of superoxide to hydrogen peroxide (Figure 2 ).
Conclusion
In this study, differentially expressed focus genes in breast muscle obtained from broilers exhibiting either a high or low FE phenotype were identified by the frequency of their appearance in 130 canonical pathways in an IPA program (Figure 2) . The results revealed that upregulated focus genes in the high FE phenotype were associated with either a) important signal transduction pathways (Jnk, PKA, and RAR-RXR pathways) or b) with AMPK that is critical in sensing cell energy status and coordinating energy production within the cell. Seven genes associated with Complex I (NADH ubiquinone: oxido-reductase NADH) of the mitochondrial electron transport chain that may be targeted by AMPK were also upregulated in the high FE phenotype. Focus genes that were downregulated in the high FE phenotype were associated with actin-myosin filaments, antioxidant protection, or ones known to be induced by oxidative stress. It should be noted that mRNA expression differences does not encompass phenotypic differences in posttranslational modification or single-nucleotide polymorphisms. We have observed posttranslational protein modifications (higher protein carbonyl and ubiquitin levels) in the low FE phenotype (Bottje and Carstens, 2009 ) but have not investigated differences in single-nucleotide polymorphisms. Additionally, these global gene expression studies are focused only on breast muscle tissue and do not consider other factors such as feed intake, behavior, intermediary metabolism in other tissues that make important contributions to the complex trait of FE (Niemann et al., 2011) . Despite these limitations, the differentially expressed genes reported in the present study and by Kong et al. (2011) might be useful in the pursuit of selecting animals for superior feed efficiency. sity of Arkansas (Fayetteville). The authors thank H. Brandenburger (University of Arkansas, Fayetteville) for technical editing.
